The dark reactions of Secale cereale L. cv. Balbo phytochrome have been investigated in coleoptile tips and in extensively purified extracts of large molecular weight phytochrome. Destruction, but not reversion, was detected in vivo.
The effects of various inhibitors of an in vitro phytochromedegrading protease did not support a view of proteolytic attack as the basis of in vivo destruction. In vitro, rye phytochrome (about 240,000 molecular weight) reverted extremely rapidly, even at 5 C. The reversion curves were resolved into two first order components. The previously studied 60,000 nmolecular weight species, obtained by controlled proteolysis of large rye phytochrome, showed a similar two-component pattern, but a much slower over-all reversion rate. This reduction in rate was caused mainly by the reversion of a greater percentage of the small phytochrome as the slow component. Sodium dithionite markedly accelerated the reversion rate of both large and small forms, but oxidants, at concentrations low enough to avoid chromophore destruction, had no effect. Both large and small crude Avena sativa L. phytochrome showed two-component reversion kinetics.
Though the destruction and reversion reactions of phytochrome have long been known in vivo (7, 17) , their precise role in the physiological action of the pigment system has not been established. Reversion had been assigned a major role in photoperiodic timing (3, 16) , but more recent work has questioned this view (12) . Many of the "paradoxes" of phytochrome physiology involve these reactions (17) . For example, though reversion can easily be detected in partially purified phytochrome from various grasses (8, 10, 27) , no in vivo reversion of coleoptile tip phytochrome has ever been seen (6, 14. 31) . Phytochrome from many dicots shows reversion and destruction in vivo (17, 18) , though there are at lease two plants, Amnaranthus (19) and pumpkin (2) , which show only Pfr destruction. Partially purified extracts often show mainly reversion (10, 27) , especially at temperatures near 0 C, though there is a recent report of in vitro destruction (24) .
Work reported elsewhere (29, 30) sought to explain the instability of crude extracts of oat phytochrome. A neutral proteolytic enzyme was found to be present in such preparations and to be at least partly responsible for this loss of photoreversibility in vitro. Highly purified (and protease-free [33] ) 1 Research was supported by grants from the National Science Foundation (GB-15572) and E. I. duPont de Nemours and Co. rye phytochrome was also degraded by the protease, yet the phytochrome alone was quite unstable to incubation at 25 C, so evidently other factors are involved in loss of photoreversibility in vitro. With a knowledge of the properties of the protease (29, 30) , experiments reported here were undertaken for assessment of the involvement of the enzyme in in vivo destruction by the use of suitable inhibitors and activators.
Recent work in our laboratory (15) has shown that the previously studied 60,000 mol wt phytochrome unit (27, 33 ) is a stable fragment produced by limited proteolysis. Indeed, a much larger molecule has now been isolated and studied. We feel that this material (about 9 S) is probably native phytochrome. Its absorption spectrum is identical (in the region above 500 nm) to that of the fragment.
The previous work on in vitro reversion of highly purified grass phytochrome can be summarized as follows. Mumford (27) reported a single first order kinetic component for the reversion of his 60,000 mol wt oat material. Later work from the duPont laboratory showed that reversion was accelerated at pH values below pH 6.0 (1) and also in the presence of reducing agents such as NADH, dithionite, and ferredoxin (28) ; but first order kinetics were still seen. Correll et al. (10) , using rye phytochrome probably undegraded by proteolysis, reported reversion curves which were resolvable into two first order components. Experiments were undertaken in the hope of resolving the various points of uncertainty and difference on the nature of this reaction.
MATERIALS AND METHODS
In Vivo Experiments. Rye (Secale cereale L. cv. Balbo) was obtained from the Farm Bureau Association, Waltham, Massachusetts. About 75 g seed and 200 ml tap water were placed on one layer of Kimpak (Kimberly-Clark No. 6233) in plastic refrigerator boxes (7.5 X 11 inches). Growth was for 4.5 days at 25 + 1 C and greater than 75% relative humidity in the dark, with occasional exposure to dim green safelights.
Coleoptile tips (1 to 4 mm), free of primary leaf, were harvested and collected on ice. The tissue was then coarsely chopped with a razor blade and incubated in the dark on moist filter paper in a Petri dish with the appropriate test solution. The standard incubation solution was 20 mm potassium phosphate buffer, pH 7.0. Care was taken not to submerge the tissue. In some cases a 10-min vacuum infiltration period (aspirator vacuum) with the test solution preceded the incubation. After incubation the tissue was randomized and blotted dry, and samples (generally 0.17 g fresh weight) were placed in aluminum cuvettes of 1 cm' cross-sectional area for examination in the Ratiospect model R-2 dual wavelength spectrophotometer (Agricultural Specialty Co. The total amount of photoreversible absorption in a sample at either 665 or 730 nm was calculated from the reading at the inception of the experiment (as Pfr) and after the final far-red light (as Pr). Thus, compensation was made for any small loss of total photoactivity during the experiment. At each time point and for each wavelength, the percentage of total phytochrome "unreacted" was calculated, and the results were plotted as log10 of the percentage to give log "decay" plots. For the increasing absorbancy at 665 nm, one is actually considering the quantity 100% minus percentage appearance. The reactions were only followed for 8 to 10 hr for two reasons. First, the later changes are very slow, and absorption differences are difficult to detect. Second, the effects of any trace of protease in the samples (though they were extensively purified) could become pronounced upon extended incubation. Such degradation could be significant with the protease-produced small molecular weight phytochrome. The experiments at temperatures above S C were run for very short periods to minimize the proteolysis problem.
RESULTS
In Vivo Dark Reactions. The results of an in vivo experiment, with incubation in buffer, are shown in Figure 1 . In all experiments phytochrome content is normalized to a standard initial value. The amount of Pfr in the sample was calculated from the initial A OD value and the value obtained upon saturating far-red illumination (20) . Total phytochrome is given by the A(AOD) after saturating red and far-red doses. All total phytochrome values were divided by 0.8 as a rough correction for the incomplete Pr-to-Pfr conversion by red light attributable to their overlapping absorption in the red region of the spectrum (5, 31) . This curve is labeled PTOT/0.8. Figure 1 , typical of several replicate experiments, indicates that destruction is the primary dark reaction in rye coleoptile tips. The curves for corrected total phytochrome and Pfr are nearly parallel, suggesting the absence of reversion. The destruction reaction is roughly linear (zero order), at least in the early stages, in agreement with other results (6, 31) . The apparent half-time for the reaction at 25 C is about 3.5 hr.
If 1% (v/v) (0.13 M) 2-mercaptoethanol is added to the incubation mixture (Fig. 2) , there is a very marked inhibition of destruction for the first few hours, and little or no reversion occurs. The destruction commences later and may attain roughly the same rate as the control (Fig. 1) .
For reasons that will become apparent below, the effect of 5 mM sodium dithionite was investigated. The pattern was essentially the same as that in the controls. As shown in Figure  3 , PMSF, at 5 mm, retarded the rate of destruction, though the pattern is quite different from that seen with 2-mercaptoethanol. The half-time was now greater than 5 hr. Experiments in which vacuum infiltration was used to enhance penetration of substances into the tissue yielded strictly comparable results.
In Vitro Dark Reactions. Figure 4 shows a typical large rye phytochrome reversion experiment. Three points are immediately apparent: first, the decay curve is complex; second, the reversion is extremely rapid, even at 5 C; and third, the change at 665 nm (increase of Pr) is nearly identical to that at 730 nm (loss of Pfr). The fir-st observation is in sharp contrast to the (Fig. 1 results of Mumford (27) , who found log-linear behavior. The equivalence of the changes at the two wavelengths was generally seen, with the occasional deviations of up to 5 to 10% considered within the experimental variability of the system. A larger deviation was generally associated with an abnormal absorption spectrum.
Two models were developed to explain the complex kinetics and were experimentally tested. In one, the following scheme was hypothesized, assuming a phytochrome molecule containing two interacting chromophores. 100% to allow direct comparison. The two curves are identical within the precision of the system, and the model cannot be accepted.
The other scheme is very easily tested. The curves obtained in these experiments are "peeled;" i.e., resolved into two straight lines (32, 36) . The simplest model here predicts two distinct populations of chromophore, each reverting at different and independent rates.
Pfr-Pr, Pfr2 -Pr2
The two populations are assumed to have identical absorption spectra and phototransformation kinetics. As shown in Figure  6 , the data are compatible with this interpretation.
As the temperature in the sample chamber was increased, the over-all rate of reversion increased, with Q. values in the range 1.5 to 2.5. The basic two-component pattern was preserved. We explored the pH dependency of the reversion reaction, following the observations that values below about pH 6.0 markedly accelerated the process in small oat phytochrome (1) . Large rye phytochrome precipitates at such pH values. However, experiments at pH 6.2 (complicated by a slow precipitation), 6.6, 7.4, and 8.2 all gave nearly identical results. The addition of NaCl at 0.5 M did not alter the reversion kinetics.
The 60,000 mol wt fragments, prepared by controlled reaction with oat protease or trypsin, showed the same visible absorption properties as the large material. Also, the fragments produced by each of the two enzymes gave very similar reversion kinetics, and the results are hereinafter considered together. Figure 7 ("control" curves) shows experiments with the large parent preparation and a trypsin-produced small sample. The small shows the same two-component behavior, yet the over-all rate of reaction is considerably slower. The initial rapid changes shown by the fragment are small, but always reproducible.
Sodium dithionite at 5 mm markedly accelerated the reversion rates of both large and small phytochrome (Fig. 7) , though the effect on the small is more dramatic than on the large. A milder reducing agent, 2-mercaptoethanol, at 30 mm, had no discernible effect on the reversion process.
Oxidizing agents (e.g., 1 mm potassium ferricyanide) tended to destroy all visible absorbancy immediately except at very low concentrations. At 5 ,uM, which represented a roughly 10- (31) and oat (14) . We were unable to detect reversion in rye in vivo. Zero order destruction kinetics were seen in all three species, and the half-time (3.5 hr) for Pfr loss in rye was similar to that in oats (2.5-3 hr), though somewhat longer than that in corn (1.5 hr). The situation in grasses thus differs sharply from those dicots in which there is destruction unaccompanied by reversion (i.e., where simple kinetic analyses are possible): Amaranthlus, with a single first order component (19) , and pumpkin, with two first order components (2) .
To assess the involvement of the protease in in vivo destruction we tested three compounds: PMSF and dithionite at levels known to inhibit strongly the enzyme and 2-mercaptoethanol at a level which enhanced its activity (29, 30) . Dithionite was also of interest after the finding that it accelerated in vitro reversion.
Both 2-mercaptoethanol and PMSF inhibited destruction. The more profound, but transient, effect of 2-mercaptoethanol confirms the finding with oats (14) . A possible explanation for the impermanence of this and other agents (14) is the occurrence of oxidation (by air or tissue) or other detoxification reactions. Early work on corn mesocotyls in vivo had indicated a temporary (1 hr) Pfr stability after red illumination (7) . The transience of the effects is reminiscent of findings in young pea tissues (26) and in parsnip taproots (22) ; in both, reversion proceeded in the absence of destruction for some time, but destruction ultimately set in. Here, the destruction pattern is similar, but there is no reversion. The significance of these comparisons awaits further experimentation. The PMSF effect appears to be maintained for at least 5 hr. In sum, then, since destruction was impeded by an inhibitor (PMSF) and by an activator (2-mercaptoethanol) of the protease and unaffected by another inhibitor of the protease (dithionite), it seems unlikely that the enzyme is involved in destruction. Also, though Furuya et al. (14) showed EDTA and azide to inhibit destruction, these compounds (at the active concentrations) had no effect on the protease (29) .
The inhibitor work reported here and elsewhere does not strongly support the idea of competition between reversion and destruction as the reason for not seeing the former in grasses, though this may be a valid explanation for dicots (14, 17) .
There is something other than a rapid destruction system which is preventing our seeing reversion in grasses, because inhibition of destruction or "acceleration of reversion" (with dithionite) does not help. Perhaps the phytochrome is in a physical or chemical state that does not allow reversion to proceed. It would be interesting to assess the activity of dithionite on dicot reversion in vivo and in vitro.
The work of Klein and Edsall (21) In all these studies, one must be aware of the problem of penetration ot substances into the tissue. Even if they do enter, one has no assurance that they are acting directly on the destruction reaction itself, rather than indirectly on other reactions (of a more general metabolic nature) required for the expression of destruction. None of the inhibitors used here and by Furuya et al. (14) is very specific.
In Vitro Dark Reactions. In vitro reversion of phytochrome shows two-component kinetics and a substantial difference between large and small molecular weight forms. These results are in contrast to some previous reports, and point up the problems engendered by work on a proteolytic artifact. It must be emphasized that though a previous two-component scheme (in phototransformation [32] ) was shown to be an artifact of the Ratiospect (13) (9, 11) ; in phycocyanin, for example, such aggregation can be salt dependent (23) .
Taylor (35) has observed complex reversion curves with partly purified oat phytochrome. His material was probably the small form; surely his use of crude material isolated by procedures (33) that, in our hands, yield the fragment, and his incubation for 3 days, albeit at 1 C, would allow the occurrence of proteolytic breakdown. The rate constant for Taylor's slow component is comparable to that seen here for material of equivalent purity. By showing that levels of urea that did not irreversibly alter the phytochrome visible absorption spectrum could reduce the reversion rate, Taylor gave further evidence that the state of the protein is important in these studies.
Mumford (27) reported first order kinetics for reversion of small oat phytochrome. The samples were highly purified, measurements were made at low temperatures, and attempts were made to exclude oxygen from the samples (e.g., by boiling buffers). However, Taylor (35) rightly points out that no indication was given that this latter treatment altered the reversion behavior. Our findings with oxidizing agents would indicate that the system is fully oxidized: no suitable data on this point are included in papers from the duPont laboratory. As Taylor (35) indicates, Mumford (27) published no data on the early stames of the reaction; the first measurements are taken after several hours of dark incubation (at 6 C). Thus any interesting early reactions would have been missed. The lack of early measurements remains the simplest interpretation of the differences iIn kinetics reported.
Other results trom the duPont group prompted study with the large rye system. The low pH stimulation of reversion rate (1) could not be duplicated because of the insolubility of our material below about pH 6.2. This finding of insolubility might seriously affect the applicability of the findings of Anderson et al. (1) ; however, the tissue environment might be such that the phytochrome is unaffected by such conditions (i.e., if it is bound to a membrane). Manabe and Furuya (24) had similarly seen no effect of pH on reversion of partially purified pea phytochrome, though an increase in rate was observed in crude material with increasing alkalinity.
The dithionite-induced increase in rate constant was about 400-iold tor small oat phytochrome. In the present study the increase was considerably less for both components of large and small rye phytochrome. Here, dithionite also increased the percentage of the total phyt3chrome in the fast kinetic component. The difference in the magnitude of the dithionite effects on the rate constants might be due to the anaerobic conditions maintained by Mumford and Jenner (28) , if the compound tended to become air-oxidized in our experiments. It might also reflect a difference between the two plants. The lack of effect of 2-mercaptoethanol in the present work may indicate that only electron donors of the redox potential used by Mumford and Jenner are suitable catalysts.
Thus, the findings in rye are consistent with the involvement of redox reactions in reversion in vitro (28). Mumford and Jenner had concluded that no net oxidation-reduction is involved, yet a transitory, reduced intermediate (perhaps a phytochrome radical ion) is produced.
A few concluding observations from the two-component data are quite intriguing, though it is dangerous to extrapolate from kinetics to biochemistry. All grass and most dicot phytochrome examined to date, in vivo and in vitro, has shown strict log-linearity in phototransformation kinetics (5, 13, 25) . This implies that there is only one population of phytochrome molecules in terms of phototransformation. However, this one phototransformation species can follow two kinetically distinct reversion routes. It should be stressed that the interpretation of the curves as representing two independent components is by no means the only one possible. It is merely the simplest.
Secondly, consider the proteolytically produced small molecular weight phytochrome. Absorption properties of a chromoprotein are a function both of the chromophore and of its interactions with the surrounding protein environment. Thus, when one speaks of chromophore absorption, one really means chromophore plus "environment." We have shown that the absorption spectra of large and small rye phytochrome are essentially identical in the visible region (15) . Thus, if we assume that the chromophore itself is structurally unchanged upon proteolysis, we must conclude that the environment, or that part of it which influences the chromophore, is similarly unaltered at least as regards visible absorption properties. However, large and small phytochrome clearly differ in their reversion properties. This reaction is also a function of chromophore and environment. The "reversion environments" of the two molecules are different, and are probably different entities than the "phototransformation environment." Even if the rate constants are similar for large and small rye phytochrome, there is a difference in the distribution of reaction between the two components. Also. the patterns of dithionite-induced changer are different for the two forms. The environments thus differ in susceptibility to dithionite modification.
In conclusion, then. the two kinetically distinguishable com-ponents of reversion can be biochemically altered in various ways. Rate constants or the distribution of reactant, or both, can be altered by different treatments.
